the sex of offspring. In fact, use of sexed semen for artificial insemination (AI) 12 and in vitro fertilization (IVF) 13 results in the birth of calves of the desired sex with approximately 90% probability. A flow cytometric method for sperm sexing 14, 15 is currently the most frequently used method for sperm sexing. DNA contents of X-chromosome-bearing sperm (X-sperm) are more than Y-chromosome sperm (Y-sperm) since X-chromosome is larger than Y-chromosome.
The difference reflects on degree of intensity when fluorescence nucleic acid staining is performed and is applicable to fractionate each type of sperm. X-sperm and Y-sperm are separated from each other according to their different fluorescence intensities that are dependent on the DNA content of the nuclear-stained sperm. 14, 16 .
The improvement of this biotechnology has been continued over the past three decades, 17 and sexed semen is now commonly used for AI in the cattle farms. Although none have been shown to be commercialized, there are a variety of reports for the sex selection: genetic approach, 18 maternal energy condition, 19, 20 centrifugal countercurrent distribution, 21 immunologic approach, [22] [23] [24] and swim-down [25] [26] [27] and swim-up 28 methods.
The flow cytometric sperm sexing technology was developed by Johnson and his colleagues who belonged to the Beltsville Agricultural Research Center, United States Department of Agriculture (USDA). 29 Thus, this technology is referred to as "the Beltsville sperm sexing technology." 30 The sperm sexing procedure was patented by the USDA with Dr Johnson in 1991. 31 The patent for non-human animals was licensed by the USDA to XY, Inc, which Livestock Improvement Association of Japan, Inc (LIAJ) was one of the contributors involved in the commercialization of the sexed semen in cattle. 10 In Japan, a decade has passed since LIAJ launched sexed semen. Thereafter, sexing technology has been growing in use and popularity. Farmers now can choose the use of the sexed semen for AI as one of the options for management strategies in their own farms, as it allows the efficient acquisition of offspring of the desired sex. In this review, we introduce the brief history of sexed semen, the methodology of sperm sexing, and the current status of sexed semen use in cattle farming.
| A B RIEF HIS TORY OF S E XED S EMEN TECHNOLOGY
Guyer 32 published the first report on the observation of sex chromosomes in 1910; this report initiated attempts of biologists to separate X-and Y-sperm. 33 Although many researchers challenged the sperm separation since the report, it passed 60 years until Barlow 
| S PERM DNA CONTENT AND S TAINING
Characteristics of different DNA content between the X-and Ychromosomes in mammalian species are applied to the separation of X-and Y-sperm. 39 In the early study, different DNA contents of X-and Y-sperm were evidenced with twin peaks of fluorescent amount of sperm by flow cytometry. 41 In cattle, the difference in DNA content between X-and Y-sperm is approximately 4%. 
| THE PRO CEDURE S US ED IN THE PRODUC TI ON OF S E XED BOVINE S EMEN
A number of processes are necessary for the production of semen sexed by flow cytometry: semen collection, sperm staining, sperm sorting, removal of the sheath fluid, and extending, packaging, and cryopreservation of sorted sperm. In this review, we described the processes of semen collection, sperm staining, and sperm sorting.
The other processes are referred to elsewhere. 33 The collection of semen from bulls is usually performed using an artificial vagina. In Japan, a bull is generally handled and introduced to a dummy cow or a teaser. When a bull mounts a dummy cow, a collector inserts the bull's penis into an artificial vagina with a collection tube to induce the immediate ejaculation. Freshly ejaculated semen is the preferred material for producing sexed semen. Although it is possible to use liquid-preserved semen to produce sexed semen, the productive efficiency gradually decreases because of the increase in dead sperm ratio. Thus, if bulls are kept in local farms, semen should be immediately transported to the semen-sexing laboratory. The purity of the collected sperm is analyzed by sorting reanalysis. 59 The arrangement of the sperm concentrations and sperm motility test are performed; then, cryopreservation is performed as it is for conventional semen. now known as Beckman Coulter, Inc., USA). Because the high-speed flow cytometer and Cytonozzle ® had not been developed yet at that time, tails were removed from the sperm by sonication before sorting to make it easier to orientate the sperm head. The sorting rate was 50 000-100 000/hour. Hamano et al 44 reported that the purity of the sexed sperm head was analyzed by in situ hybridization using a Y-specific DNA probe. The purity of X-and Y-sorted sperm was 94%
| THE COMMERCIALIZ ATI ON OF BOVINE S E XED S EMEN IN JAPAN
and 82% (of the targeted sperm), respectively. ICSI of the Y-sperm heads sorted from frozen semen was performed. Seven to eight days after ICSI, the expanded blastocysts were non-surgically transferred to 48 recipients, resulting in the successful birth of 10 calves. 44 Eight of the 10 calves were male. In 1997, we introduced the FACS Vantage™, manufactured by Becton Dickinson. 60 By the use of this machine, the sperm sorting rate was increased to 300 000-400 000/ hour. We succeeded in obtaining slightly motile sperm after sorting.
However, they were not of a suitable level for IVF or AI. Thus, we focused on producing fertilized eggs by ICSI. In the meantime, XY, were supported by commercial farms, AI technicians, and related associations. 60, 61 In this review, we introduce some of the parts of our trials that demonstrated the effectiveness of sexed semen. X-sorted semen from Holstein bulls and Y-sorted semen from Japanese Black bulls were processed at 3 million per dose, and their purity was 92.8% and 92.4%, respectively. 60 Non-sorted semen (conventional semen) was used at the same sperm count per dose as a control.
In our first AI trial, heifers were served with the semen. Figure 3 shows the conception rates (CRs) of the heifers, the calving rate of the pregnant heifers, and the sex ratio of the calves. The CRs for the 5-year period were 47.9% with sexed semen and 58.7% with conventional semen. 61 There was a significant difference between the groups (P < 0.05). The delivery rates of pregnant heifers inseminated with sexed semen were comparable to those inseminated with conventional semen. The sex ratio of the calves showed that the accuracy of both the X-sorted and Y-sorted semen was >90%. The gestational duration of the pregnant heifers and the body weight of the calves were compared between sexed semen and conventional semen groups in Holstein, Japanese Black, and crossbred cattle. The measurement demonstrated that the gestational duration ( Figure 4A ) and the body weight ( Figure 4B ) were comparable among the groups. We also investigated the differences between heifers and cows with regard to the conception rate in Holstein cattle. 60 The
CRs in heifers and cows inseminated with sexed semen were 46.2% and 33.6%, respectively (Table 1) ; in contrast, the CRs in heifers and cows inseminated with conventional semen were 58.4% and 40.0%, respectively. Thus, the CR in cows was found to be lower than that in heifers, regardless of whether sexed semen or conventional semen was used. These results indicated that heifers are more suitable for AI with sexed semen than cows; however, it can also be performed for cows.
We also compared the effect of flow pressure during sperm sorting on the CR 60 Sexed semen was produced from Holstein (n = 2) and Japanese Black (n = 2) bulls by sorting sperm at 45 psi or 40 psi and was used to inseminate Holstein heifers. Although the higher pressure provided a sorting rate that was approximately 5% higher, the CR in the group was lower (103/227, 45.4%) than that in the lower pressure group (121/225, 53.8%). These results indicated that sorting at higher pressure damaged the sperm, resulting in a lower CR
The difference in the number of sperm that were inseminated at a time on the CR was evaluated. 60 Sexed semen was obtained from Holstein (n = 5) and Japanese Black (n = 4) bulls by sorting at 2 million/straw and 3 million/straw. The conception rate at 3 million was higher (218/438, 49.8%) than that at 2 million (183/401, 45.6%),
suggesting that the CR obtained with sexed semen was sensitive to a change in the number of sperm at this range.
Based on these results, we concluded that sexed semen could 
| Improved production of sexed semen after commercialization
To increase the production capacity, we introduced a third MoFlo is surmised that sexed semen has been adapted to commercial field usage.
| Recent records of the conception rates and the calf sex ratio of dairy cattle inseminated with sexed semen
We have surveyed the conception rates and calf sex ratio with the cooperation from some livestock associations, AI technicians, and farmers. The insemination data of the sexed semen were collected from 17 progeny-tested bulls selected by LIAJ from February 2012. 62 The CR was calculated using the data reported before August 2016.
The data included 4656 animals, of which 3123 and 1533 were heifers and cows, respectively. The conception rates of the heifers and cows were 52.8% and 40.1%, respectively ( Table 2 ). The rates in the survey tended to improve in comparison with those in the field trial conducted in the early 2000 s. These results implied that technicians had been able to handle the sexed semen properly and that the production technology of the semen had improved.
The sex ratio was surveyed from 804 calves produced with sexed semen (X-sperm) made from 10 Holstein bulls in LIAJ during 2013 and 2015. 62 Seven hundred fifty-five of 804 (93.0%) female calves (the desired sex) were born. These results suggest that calves of the desired sex have been obtained with sexed semen with >90% accuracy since the products were first distributed.
| THE ECONOMI C B ENEFIT OF S E XED S EMEN IN THE C AT TLE INDUS TRY
The use of sexed semen has been proven to be effective for increasing the desired sex ratio. This raises the question as to whether sexed semen is beneficial to farm management. Numerous reports have estimated the economic benefits of sexed semen produced by various strategies in many different countries, including the United States, [63] [64] [65] [66] Denmark, 67, 68 Iran, 69 Ireland, 70 and Japan. 71, 72 In general, the use of sexed semen is expected to have a positive effect on the economics of the farms, maintaining replacement heifers and/or the efficiency of expanding dairy herds, [73] [74] [75] resulting in an improved milk yield. semen influences the consistency of the profit. Although it is beneficial to expand dairy herds and acquire replacement heifers when the CRs using sexed semen are >45%, there is a possibility that lower CRs (<40%) will cause volatility in the profitability of Japanese herds due to the number of replacement heifers and the cost of the sexed semen. These simulations varied according to the size of the herds, feeding state, and CRs of the farm. It is certain that how much effects to gain from sexed semen depends on the technical levels of reproductive control in individual farm.
| CON S IDER ATI ON OF FERTILIT Y OF S E XED S EMEN
One of the greatest concerns regarding the use of sexed semen is the lower CR Numerous trials around the world have investigated conception rates in cattle inseminated with frozen sexed semen. 10 These studies have revealed the fact that AI with sexed semen is associated with lower conception rates in comparison with conventional semen. The field data on the commercial use of sexed semen also showed that the conception rates were lower in the United
States, 17, 76, 77 Denmark, 78 Australia, 79 and Japan. 61 Thus, the definite causes of this issue should be sought as rapidly as possible.
The number of inseminated sperm is one of the factors that are considered to affect the fertility of inseminated cattle. 80, 81 Den Daas et al 81 found individual differences among bulls in the maximal conception rates when insemination was performed with large numbers of spermatozoa (1-11 million) . These studies were conducted with unsorted, conventional semen, and the same findings apply for sexed semen. Our previous study 60 and recent data demonstrated that increasing the number of spermatozoa from 2 million to 3 million improved the fertility when using sexed semen.
Seidel and Garner 33 reported in their review that there was no significant difference in CR of sexed semen when Black Angus were inseminated with 1.5 million and 4.5 million spermatozoa.
However, in their later field trial, they demonstrated that the fertility rate when 10 million spermatozoa were used per insemination rather than 2 million was as high as the fertility rate of Black Angus inseminated the same number of unsorted control sperm. 82 Other research indicates that sexed sperm was associated with a lower fertility rate in comparison with unsorted sperm when an equal number of sperm were used, 76, 83, 84 and suggested that a 5-fold increase in sperm numbers is required to achieve a fertility rate comparable to that of control semen. 82 A recent study reported that the conception rate of a branded sexed semen packaged at 4 million sperm per straw, SexedULTRA 4 M™ developed by STgenetics™, 17 reached that of conventional semen packaged at 15 million per straw. 85 The branded sexed semen is made using improved media during sorting. 17 Thus, these findings suggest that in addition to the number of sperm, other factors are involved in the lower fertility rate of sexed semen.
It is necessary to consider the potentially damaging effects of sperm sorting. The aspects of the sexed semen production processes that differ from those used in processing conventional semen include DNA staining, laser illumination, higher dilution, sheath pressure, and the medium environment. Both staining and laser exposure potentially increase the DNA damage of sorted sperm by 1.5%. 39 Although it has been reported that Hoechst staining of sperm does not affect pregnancy rates or offspring size, UV laser use reduced pregnancy rates in pigs. 86 Intriguingly, sorted sperm does not affect embryo development in rabbits 87 or pigs, 51, 86 suggesting that the use of an excitation laser has no mutagenic effects on fertile sperm.
Sheath pressure during flow sorting affects sperm conception rates.
A field trial 60 that we performed in the early 2000 s revealed that the CR of sperm sorted at a higher pressure (45 psi) was lower than that of sperm sorted at a lower pressure (40 psi). Schenk et al 88 also showed that sorting at 40 psi resulted in a higher pregnancy rate than sorting at 50 psi. During sorting, a variety of mechanical stresses are likely to affect sperm functions, resulting in subfertility.
Previous studies indicated a possible cause of the reduced fertility of sex-sorted sperm, which may undergo functional changes. 89, 90 demonstrated that flow sorting induces capacitation-like changes in porcine spermatozoa based on the chlortetracycline (CTC) assay pattern. Bovine sperm also change after sorting, and the patterns of CTC staining as well as actin tyrosine phosphorylation seemed to be at an intermediary level between fresh sperm and in vitro-capacitated sperm. 91 In addition, the sorting procedure alters molecular chaperones to a capacitation-like pattern. 92 It has been reported that capacitated sperm are less able to bind to the oviduct epithelial cells in bulls 93 and pigs. 94 Indeed, sex-sorted porcine sperm showed less ability to bind to the oviduct epithelial cells. 95 The results of studies that have been performed thus far indicate that the sperm life span in sexed semen is shortened by sorting damage, which causes capacitation-like membrane changes with reduced binding to oviduct cells, resulting in lower fertility rates when AI is performed in the field. Actually, the optimal period of AI with sexed semen is shorter than that with conventional semen in heifers. [96] [97] [98] For successful conception, it seems necessary to recognize the optimal timing of AI with sexed semen, which probably should be done more close to ovulation than in the case of standard AI. Although increasing the number of sperm per insemination seems to be an easy way to increase fertility, it is associated with a higher cost than insemination with a standard number of sperm. It would make sense to use improved machines and medium that treat the sperm gently to reduce sperm damage.
Maxwell et al

| S E X S ELEC TI ON US ING FLOW-SORTED S PERM IN H UMAN S
Sexed human semen has been clinically employed to conceive a child of a particular sex in the United States and other countries. Sex selection is used for the purposes of preventing genetic disease and for family balancing. 99 In humans, X-sperm contains approximately 2.8% more DNA than Y-sperm. 50, 51 The sexing flow sorting technique for separating human X-and Y-sperm is virtually the same as that used for other animals; however, a specialized nozzle and high-speed cell sorter are not used.
In 1993, Johnson et al 50 reported that human X-and Y-sorted sperm were separated by flow cytometry at an average of 82%
and 75% purity, respectively, as analyzed by in situ hybridization.
Subsequently, the Genetics & IVF Institute (GIVF; Fairfax, VA, USA)
firstly succeeded in producing a fetus using X-sorted sperm. 100 The clinic reported that normal babies were delivered using X-sorted sperm; in most cases, intrauterine insemination had been performed. 101 In this report, 13 out of 14 (92.4%) babies were of the desired sex (female). Subsequently, two fertility centers performed further clinical studies until 2012. 99 The study showed that 944 of 1010 (93.5%) and 280 of 328 (85.4%) babies conceived with X-sorted sperm and Y-sorted sperm, respectively, were of the targeted sex.
The USDA granted an exclusive license for human sperm sexing technology to GIVF in 1992. 99 GIVF calls the sexed semen production process MicroSort ® . Through the studies described above, technology for humans is now available at laboratories in several countries. 99 
| CON CLUS ION
Sexed semen produced by flow cytometry has the potential to produce offspring of the preferred sex with high accuracy and reliability.
Thus, the products are economically beneficial for farmers in terms of obtaining the desired sex in each breed. The improvement of sexed semen fertility would be expected to have further economic benefits. Although the technology remains to be refined, it is expected that the widespread use of sexed semen in the farm setting will be achieved in the future. 
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